SUMMARY A number of infections of man, as well as of other animal and plant species, are heavily dependent upon 'vertical transmission'-that is direct parent-to-progeny transfer-for their maintenance in host populations. Such vertical transmission may be considered as a form of inheritance. It is usually non-Mendelian. This paper discusses the implications of such inheritance for the distribution of disease in families. A method is described for making quantitative predictions of prevalence rates of infection and of disease within different classes of relatives of either infected or uninfected probands. It is pointed out that, whereas a maternal line excess is to be expected among relatives of positive probands, the opposite should be found in families ofnegative probands. Expected differences between maternal and paternal line prevalence rates of observable disease decline rapidly with distance of relationship from the proband, and are greatly reduced by diagnostic insensitivity (analogous to penetrance). The implications of this analytic method for the design of family history studies are discussed. Published data on familial breast cancer are reviewed, and found to show no evidence that this condition is associated with a non-integrated vertically transmitted agent.
The phrase 'vertical transmission' was coined by Ludwik Gross (1944 Gross ( , 1949 to describe the direct transfer of infection from parent organisms to their immediate progeny. It refers to a highly useful concept, as such transmission is known to play a significant role in the epidemiology of many diseases of medical, veterinary, and agricultural importance (Baker and Smith, 1966; Elliott and Knight, 1973; Fine, 1975) . In addition, such a mechanism has been suggested as a possible explanation for the familial clustering of a number of diseases the aetiology or epidemiology of which are still uncertain-human breast cancer (Gross. 1949) , leukaemia (Gross, 1954) , hepatitis B (Stevens et al., 1975 ), Leber's optic atrophy (Wallace, 1970) , Kuru (Gajdusek, 1963) , and Creutzfeldt-Jakob disease (Ferber et al., 1973) being among the better known examples.
Confirmation of the vertical transmission of infection is in some cases straightforward. This is in general true if good diagnostic tools are available for IMuch of the work reported here was carried out while the author was in the Department of Epidemiology, School of Public Health, University of California, Berkeley, California 94720, USA, and supported by Research Grant AI03028 from the National Institute of Allergy and Infectious Diseases, and General Research Support Grant 5-501-RR-05441 from the National Institutes of Health. Received for publication 23 March 1977 the recognition of infection in neonates, as by the isolation of an infectious agent or by the detection of IgM antibodies specific to such an agent. But such diagnostic techniques are not always available-in which case the demonstration of vertical transmission may require an epidemiological argument. Among the more promising of these approaches is that of the retrospective study of family history. It is the purpose of this paper to discuss those implications of vertical transmission that bear on such retrospective studies (Fine, 1976) .
The basic problem-a qualitative solution
It is widely recognised that the vertical transmission of infection differs fundamentally from classical genetic inheritance. Among its distinctive features is its tendency to occur mainly through the female parent. Because the ovum provides some 99 % of the extranuclear material of a zygote and because of the residence of the developing embryo within the female body, and because of the special role of the female parent in nursing and caring for the young, the transfer of infection is almost certain to be more efficient from an infected mother to her progeny than 399 from an infected father. (We here avoid the Pandora's box opened up by the recent discoveries of reverse transcriptase, and of the resultant Mendelising of some avian and murine oncogenic viruses (Weiss, 1975) . This mechanism apparently permits some 'infectious' agents to masquerade as Mendelian alleles which, if autosomal, should be inherited with equal regularity from male or female parent. The ultimate solution of the epidemiology of such agents may well require a synthesis of classical population genetics with the sort of non-Mendelian analysis described here.)
The tendency for vertical transmission to be matroclinal has important implications for the framing and testing of epidemiological hypotheses. In the prospective sense, it has led to the use of reciprocal-cross analysis-comparison of the progeny produced by affected females paired with unaffected males, as against the progeny of unaffected females paired with affected males. A higher prevalence rate of the condition among progeny of the former cross may be an indication of extrachromosomal inheritance, and hence of vertical transmission. Experiments of this kind have played a major role in studies of infectious heredity, providing strong evidence for the vertical transmission of such agents as the mouse mammary carcinoma virus (Staff of Roscoe B. Jackson Memorial Laboratory 1933) and the CO2 sensitivity virus of Drosophila melanogaster (I 'Heritier and Teissier, 1938) . Several variants of the prospective design have been described by Jinks (1964) .
Prospective reciprocal-cross studies are difficult to carry out in man, for obvious social, ethical, and temporal reasons. This difficulty has led to the formulation of a retrospective analogue of the argument which may be summarised as follows: if a factor or infectious agent is equally distributed among the males and females of a population, and if its hereditary transfer is more efficient from female parents to their progeny than from males, then there must be more mother-to-progeny transfers of infection taking place in the system than there are father-to-progeny transfers. From this it follows that any infected offspring is more likely to have become infected through the mother than through the father. This means that-given vertical transmission of some infectious agent-there should be a higher prevalence rate of infection among the mothers (and maternal relatives) of affected probands than among their fathers (and paternal relatives). Penrose et al. (1948) were apparently the first to formulate this argument, in the context of their important study of hereditary influences and breast cancer. And the identical argument has been applied by several subsequent workers, also with reference to human breast cancer (Macklin, 1959; Henderson et al., 1974) . Other publications on this subject have presented data applicable to the hypothesis, but have not explicitly utilised or discussed the relation. (Fine, 1975) . In many cases, however, vertical transmission alone is not sufficient to maintain the infection at constant prevalence rate over successive generations. Supplementary horizontal transfer must be involved as well. We describe this horizontal transmission contribution by the following incidence rate parameter: h = niet horizontal incidence rate-that is, the incidence rate of infection over the period from birth to reproductive age. On the assumption that horizontally acquired infections cause at most a negligible mortality during the period before reproductive age, it is possible to define the extent of horizontal transmission required, as a supplement to the vertical transmission, in order to maintain the constant equilibrium prevalence rate Ba over successive generations. Using the symbol he
IIn an earlier publication (Fine, 1975) , the author used the symbol r for this maternal vertical transmission rate. This was an unwise choice, because of the common association of this symbol with recovery rates and intrinsic rates of increase. The symbol d is thus used here for consistence with the notation of l 'Heritier (1970) . For a discussion of the estimation of these rates, see Fine and Sylvester (1978) .
for this equilibrium horizontal-transmission rate, we have (see Fine, 1975 The prevalence rate of infection among mothers of infected (= 'positive') probands may be defined as follows: it is the probability that a positive proband Fine (+) was infected vertically (;+) and had an infected mother (m+) or that the positive proband was not infected vertically (i-) yet still had an infected mother (m+). This can be expressed by a probability equation, using conventional format for conditionals. If Ba{m+l+} is the probability a proband's mother is positive, given that the proband is positive, and if Ba{-J+} is the probability that a given positive proband was not infected vertically, then the required equation is:
Ba{m+I 4,-).
(2) Note that each of these conditionals expresses equally a probability or a proportion (prevalence rate).
We next express the right-hand side of (2) Fine, 1975) . The figure comprises a square Venn all progeny receive the infection from their mothers. Fine (1975) ).
This proportion is reflected across the entire square by a dotted horizontal line. Precisely the same argument applies to the fatherhood, as shown along the horizontal side of the square, and with v substituted for d. Of the resultant offspring, represented by the area within the square, the proportions receiving the infection from their mothers and/or fathers are represented by diagonal hatching. This diagram shows that Ba{m+1 .+}, or the probability that a vertically infected offspring had an infected mother-regardless of which parent actually transmitted the offspring's infection-can be expressed as the proportion of all infected progeny-that is {Baad(l-Ba + Ba) + Baav(1-Ba + Baa-Bad)}, which have positive mothers, or:
Equation (2) also requires Ba{m+I -}, i.e. the probability that an uninfected offspring had an infected mother. This too can be read directly from the diagram, and simplifies to:
Expressions (3), (4), (5), and (6) together make up equation (2) 
Implications of model
Because of the complexity of the expressions presented in Table 2 , the model's implications are more easily sought by simulation than by analysis. Though such a method may lack elegance, it does reveal a number of relations of epidemiological significance.
The standard retrospective method for testing a vertical transmission hypothesis has been to compare prevalence rates of infection in maternal versus paternal line relatives of infected probands (Table 1) . A set of such differences has been predicted on the basis of the expressions in Table 2 , and is illustrated in Fig. 2 . We here take for illustrative purposes an overall prevalence rate of infection among adults of Ba = 0-2, and assume that there is no selective effect attributable to the infection (a = 8= 1 -0). Infected mothers are taken to transmit the agent to 40% of their progeny (d= 0 4), and infected fathers to 10% of theirs (v = 0 1). The net equilibrium incidence rate of horizontally acquired infections, calculated by equation (1), comes to he = 0 112. In this initial analysis, we take a diagnostic sensitivity of 100%, or 0 = 1O0.
Two striking relations are evident in Fig. 2 Table 2, first is that the predicted difference in prevalence rate between maternal and paternal line relatives decreases rapidly with increasing 'distance' from the proband. This should not come as a surprise, but it has important implications for this sort ofepidemiological study. Investigation of the closest possible relatives to the proband (parents > grandparents> aunts/ uncles) will optimise the chances of disclosing a maternal versus paternal line difference. As far as a sex-specific condition such as breast cancer is concerned, it would be more efficient-if difficulties in data collection were equal-to investigate grandmothers than aunts, for example. The second implication evident in Fig. 2 is even more striking. Whereas a maternal line excess is predicted for relatives of positive probands, a paternal line excess is predicted for relatives of negative probands. This result is fully robust, as long as d > v (the opposite trend would be expected if the paternal were greater than the maternal vertical transmission rate).
This result is intuitively reasonable, and can be deduced directly from the initial qualitative argument presented above. It does not appear to have been explicitly stated in the past. And its implication is almost paradoxical-that, in certain restricted circumstances, it might be reasonable to test a vertical transmission hypothesis by investigating only the relatives of negative, rather than of positive, probands. This might be so if it were possible to collect family history data on negative individuals more easily, and with less bias, than for infected probands.
The implication of diagnostic insensitivity for such studies is illustrated in Fig. 3 , which shows the same relations as in Fig. 2 , but with the additional variable of penetrance along the horizontal axis. The relative 'efficiency' of investigating family histories of negative (Murphy and Abbey, 1959 Table 1 ), and were therefore hesitant to draw conclusions from the apparent maternal line clustering.
It may be noted that this development of the family history model fails to reveal evidence for vertical transmission in the breast cancer data summarised in Table 1 . In particular, there is no evidence for paternal line excess among female relatives of negative probands.
The implications of diagnostic sensitivity are clearly of major importance for such studies. The current analysis assumes that the diagnostic sensitivity will be the same for each class of relatives. Of course, this may well be untrue, especially as there have been changes in disease classification and diagnostic tests over time. If such changes in diagnostic ability could be specified, then it would be possible to introduce different s parameters into the model for different classes of relatives. Diagnostic insensitivity has a greater effect upon prevalence rate differences in families ofobserved negative than ofobserved positive probands. This is because such insensitivity will mean that some of the observed negative probands are, in fact, misclassified. But, as the model presented here supposes a high specificity of diagnosis, there is assumed to be no misclassification among observed positives. It would be possible to introduce a further term for false positives as well.
The relation ofthis model to Mendelian inheritance patterns should also be mentioned. Autosomal alleles and traits should be equally distributed among maternal and paternal line relatives, and should pose no problem in such analyses. They provide a logical explanation for symmetrical family distribution. But some sex-linked factors are another matter-as their asymmetrical familial distribution might be misinterpreted as evidence for vertical transmission. It should be recognised that the assumptions of the model described here do not fit linkage. Assumption (2) specifies equal distribution of the factor between males and females, which is true of neither X nor the Y chromosome. And the model supposes a single maternal vertical transmission rate, d, whereas the analogous rate for an X-linked allele would be either 0 5 or 1 0, dependent upon whether the female parent were heterozygous or homozygous. For these reasons, the model does not purport to describe the condition of Mendelian sex-linked inheritance. Of course, patterns of sex-linked inheritance are well known, and provide additional predictions against which to test family history data.
Each of the prevalence rate predictions requires either five or six parameters. Therefore, when estimates of the prevalence rates of infection for six different classes of relatives are available, it is theoretically possible-given the appropriateness of the model-to calculate back and derive estimates of the implicit a, f,, d, v, Ba and 'P parameters. An exploration of this approach, and of the model's relation to sex-linked inheritance patterns, is intended for a subsequent publication.
In conclusion, we may recognise the wide scope of this analytical technique. Its relevance to epidemiological studies of familial neoplastic diseases in man is obvious. This is perhaps especially true now that we have become aware of the variety and extent of vertically transmitted viral material in many species including our own (Chandra et al., 1970; Kalter et at., 1973 Kalter et at., , 1975 Rongey et al., 1973) . The literature on the epidemiological implications of vertical transmission is growing rapidly, not only with reference to oncornaviruses, but also to such agents as cytomegalovirus (for example, Namazaki et al., 1970) . HB,Ag (Stevens et al., 1975) , and several putative slow viruses (Ferber et al., 1973; Wallace, 1970) . It is possible that retrospective family history analyses may provide a useful tool for assessing the epidemiological significance of the vertical transfer of such infections. The encouragement and criticism of Dr James Renwick, on several aspects of this work, is gratefully appreciated.
